(HDA) reactions of SRC fractions and the related aromatic hydrocarbons were examined over three types of catalysts, i.e., La-Y (La-exchanged Y-zeolite), NiMoCo (NiMoCo/SiO2-Al2O3), and Cr (Cr2O3/MgO/Al2O3) catalysts. The NiMoCo catalyst showed the best results for HDA of hexane-soluble fraction (HS) of SRC, giving the highest yield of naphthalene (12wt%) with a low yield of coke (9.9wt%). The strong acidity of La-Y caused coke formation of both the HS fraction of SRC and 9-methylanthracene; and it also caused transalkylation of 2,6-dimethylnaphthalene and the formation of naphthalene (58wt%). In view of the lesser formation of coke attained by suppressing the retrogressive reactions of the reactive fragments generated during HDA, hydrogenation activity seems to be very important for HDA catalysts of excellent performance.
Introduction
There are a number of coal liquefaction processes whose aims are to achieve economical production of liquid fuels from coal1),2). On the basis of coal structures proposed3) hitherto, coalderived liquids, such as SRC (Solvent Refined Coal), can not only be a potential source of liquid fuels but also a potential source of aromatic chemicals.
Since it is not possible to separate any specific compound efficiently from a complex or multicomponent mixture such as SRC, hydrodealkylation (HDA) reaction should be one of the most promising process as to break down the complexity of such a mixture and to recover aromatic chemicals selectively.
In practice, HDA of alkylbenzenes to produce benzene4) has been carried out at reaction temperatures as high as problem5). Therefore, it becomes very important to develop catalysts possessing high activity for HDA, high selectivity for aromatics, and high power for suppressing coke formation. In this paper, hexane-soluble (HS) and benzenesoluble (BS) fractions of SRC were hydrodealkylated using three types of catalysts, and the results obtained were discussed by referring to and based on the results of HDA of the aromatic model compounds over these catalysts.
Experimentel
2.1 Sample Preparation SRC was prepared from Akabira coal (Japanese bituminous coal) using a 3t/d pilot plant built by Sumitomo Coal Mining Co., Ltd. Substances with boiling points lower than the boiling point of naphthalene were removed from SRC by distillation before use.
A 10g of SRC was extracted in refluxed benzene (300ml) for 3hr, and the resulting benzene-extract was separated from the solid benzene-insolubles by filtration.
The extract was concentrated to about 20ml, then it was poured into 1,000ml of hexane to precipitate out hexane-insolubles (HI-BS). Hexane-soluble (HS) was obtained by evaporating the hexane from the filtrate. Elemental analyses of HS, HI-BS, and benzene-soluble (BS) thus obtained are listed in Table 1. 2-Methylnaphthalene (2-MN), 2-ethylnaphthalene (2-EN) and 2,6-dimethylnaphthalene (DMN) were The system was flushed and purged several times with hydrogen and pressurized up to 2.0MPa at ambient temperature.
The reaction reaction, the system was cooled to room temperature using an electric fan. The gaseous products were collected in a gas bag and analyzed by GC (TCD).
The liquid products obtained from HDA of the model compounds were collected in the form of acetone solution which was analyzed by GC (TCD). After HDA of the SRC fraction, the autoclave was kept boiling point materials (LBP). The liquid and solid products remaining in the autoclave were then rinsed with benzene and separated into benzene-solubles (BS) and benzene-insolubles (Coke). The compositions of LBP and BS were analyzed with GC (FID) using cumene as an internal standard.
1H NMR Spectroscopy
Proton NMR spectra were recorded at a 400MHz JEOL JNM-GXS 400 for 10wt% chloroform-d1 solutions of HS and HI-BS fractions containing TMS as an internal standard. Table 2 shows the results of HDA of 2-MN and 2-EN with and without benzene as the solvent over the Cr catalyst. No significant difference was observed between the HDA reactions of 2-MN with and without the solvent (Run 2, 3) in view of both conversion (about 90wt%) and yield of naphthalene (N) (59-61wt%).
Results

HDA of Model Compounds
However, in the run with the solvent (Run 3) a substantial amount of biphenyl (about 20wt% vs. substrate) was obtained due to the coupling reaction of the solvent. (Fig. 1a) . The Cr catalyst (Fig. 1b ) mainly increased the yields of cracking products (gas and alkylbenzenes) to 26wt% compared to 20wt% (Fig. 1a) without catalyst.
The La-Y catalyst drastically increased the conversion of 2,6-DMN (97wt%), and the yield of cracking products increased (41wt%; Fig. 1c) . As a result, it was observed that the yields of naphthalene were similar among these reactions and were in the range of 40-43wt%.
The NiMoCo catalyst gave the highest conversion of 2,6-DMN (99wt%) among the catalysts used; however, it mainly yielded cracking products (73wt%), resulting in the lowest yield of naphthalene (22wt%) as shown in Fig. 1d . Figure 2 shows the effect of reaction time on HDA of 2,6-DMN using the three catalysts. HDA of 2,6-DMN seems to proceed stepwise to produce MN and naphthalene.
Among the catalysts used, the La-Y catalyst gave both the highest conversion (100wt%) and yield of naphthalene (58wt%) when the reaction time was 3hr.
However, trimethylnaphthalene (TMN) was produced by transalkylation of DMN at an early stage of the reaction (less than 1hr; Fig. 2 ) or at low reaction temperatures (Fig. 3) . In addition to TMN, isomers of MN and DMN were observed in the HDA products over the La-Y catalyst, while these products were not observed over the Cr catalyst or over the NiMoCo catalyst. The production of TMN and isomers of MN and DMN probably resulted from the strong acidity of the La-Y catalyst.
A high conversion (97wt%; Fig. 2 ) was also obtained by using the NiMoCo catalyst, but the yield of naphthalene was less than 30wt%. Figures 4 a-d show the results of HDA of 9-methylanthracene (MA) over the three types of catalysts. HDA without catalyst (Fig. 4a) revealed that 99wt% of the methyl group of 9-MA was thermally demethylated. The Cr catalyst promoted the decomposition of anthracene (AN) and increased MN, naphthalene (N), and gas yields (Fig. 4b) . When the La-Y catalyst was used (Fig.  4c) , conversion was unexpectedly low (94wt%). A substantial amount of coke (17wt%) was formed over this catalyst. This formation of coke resulted from both transalkylation and isomerization reactions that took place during the HDA of 2,6-DMN (Fig. 2c) . The NiMoCo catalyst showed a 98wt% conversion, however, it promoted the subsequent hydrocracking of AN, giving high yield (50wt%) of cracking products such as gas and alkylbenzenes (Fig. 4d) .
Yields of hydroaromatics by HDA of 9-MA were very small and they were included in 'Others' in Figs. 4a-d:
for example, yields of 9,10-dihydroand 1,2,3,4-tetrahydroanthracenes were less than 1/10 of the yield of naphthalene. The hydroaromatics would be dehydrogenated reversely or decomposed under the HDA conditions prevailed.
HDA of SRC Fractions
FD-MS measurements16) suggested that both HS and HI-BS fractions of SRC are multi-component mixtures of hydrocarbons having molecular weight distributions up to m/z 500 (with HS) and 1,000 (with HI-BS).
However, Curie-point Pyrolysis-GC-MS (Py-GC-MS) analyses16) revealed that 88wt%o of HS and 57wt% of HI-BS fractions of SRC were devolatilized by pyrolysis, and they were very similar from the viewpoint of chemical constituents. The results of HDA of HS from SRC over the three catalysts are summarized in Table  3 . Naphthalene, the target product of HDA of SRC fractions, was obtained with a yield of 7.8wt% without catalyst (Run 5). A large quantity of coke formation (16.2wt%) might have been caused by catalysis due to the wall effect of the autoclave8). The NiMoCo catalyst showed the best result of HDA (Run 8) with a naphthalene yield of 12.0wt% and with a low formation of coke (9.9wt%). The La-Y catalyst gave a 10.1wt% yield of naphthalene:
however, a substantial amount of coke (18.7wt%) was produced (Run 7). These results are different from the results of HDA reactions of 2,6-DMN and 9-MA, in which naphthalene yields over the La-Y catalyst were higher than over the NiMoCo catalyst.
The Cr catalyst showed relatively low activity for HDA, yielding 8.5wt% of naphthalene and 14.1wt% of coke. This result may be attributed to the MgO usually added to the the Cr catalyst to control its acidity9).
HDA of BS was carried out with and without the NiMoCo catalyst, and the results obtained are listed in Table 3 . When the NiMoCo catalyst was used (Run No. 10), yields of alkylnaphthalenes reached 16.5%: however, the yield of naphthalene was less than 1%. A large amount of coke (over 26%) was produced from both HDA runs (No.9 and 10). The coke made it difficult to recover the products.
Discussion
The features of the catalysts used in this work differed among themselves as follows: both the Cr and La-Y catalysts have Lewis acidity which would promote HDA by carbenium ion mechanism, while the NiMoCo catalyst exhibits high activity in hydrogenation reaction that would promote HDA by radical mechanism.
Such features of the catalysts are well demonstrated by the results of HDA of the model compounds.
For example, the first order rate constants of HDA of 2,6-DMN were calculated from Fig. 2 as 0.29, 1.16 , and 2.30hr-1 over the Cr, La-Y, and NiMoCo catalysts, respectively, resulting in the conversions of 2,6-DMN (Fig.  1 ) of 73wt% (Cr), 97wt% (La-Y), and 99wt% (NiMoCo).
The HDA of 2,6-DMN would be initiated by the addition of proton (H+) or hydrogen atom (H.) as follows10)-14):
The stronger acidity of the La-Y compared to that of the Cr would have resulted in the high activity of the La-Y in HDA of 2,6-DMN (Fig. 1) . At an early stage of the reaction, the acidity of La-Y is assumed to cause the transalkylation of 2,6-DMN to generate TMN as follows10),5):
TMN could be hydrodealkylated at times of reaction longer than 2hr (Fig. 2) or at tem- the intermolecular reaction of Eq. (2) would be unfavorable to the substrate which has a larger aromatic system, such as for 9-MA or HS fraction of SRC. As for HDA reactions without catalyst, differences in HDA reactivities among 9-MA, 2-MN, and 2,6-DMN can easily be expected on the basis of their aromatic ring size12)-14). When 9-MA is hydrodealkylated over the NiMoCo catalyst, the dealkylated product, anthracene, seems to undergo further hydrogenation, resulting in high yields of gas and alkylbenzenes and a low yield of anthracene (2wt%; Fig. 4d ). Although the chemical composition of HS of SRC is very complex because of the maximum MW of about 500 measured by FD-MS analysis, Py-GC analysis revealed that 88% of HS were devolatilized by pyrolysis. The devolatilized materials were basically alkylaromatics16), which were considered to be acceptors of H+ or of H during the HDA reaction over the catalysts used in this work.
However, the production of a large amount of coke produced by using the Cr catalyst or the La-Y catalyst suggests that it would not be appropriate to carry out HDA over acidic catalysts under the conditions employed in this work. Thus, the HDA catalyst should attain the activity for hydrogenation as high as that attained by the NiMoCo catalyst.
The HDA of HS did not show such a distinctive difference in the catalytic activity as was observed in the HDA of the model compounds.
For example, the gas yields from HDA of 2,6-DMN ( Fig. 1 ) and 9-MA (Fig. 4) increased in the order: without catalyst<Cr catalyst<La-Y catalyst< NiMoCo catalyst. The NiMoCo catalyst especially showed a high gas yield of over 45%, which would have resulted from the cracking of the hydrogenated aromatics. Such order of catalyst activities was not observed in the gas yields from HDA of HS, but it appeared in the yields of naphthalene and coke. Such observations suggest that the NiMoCo catalyst would promote the hydrogenation (stabilization) of the reactive fragments generated from HS. As for the HDA reaction of BS fraction of SRC (Table 3) , runs with the NiMoCo catalyst showed an alkylnaphthalene yield of 16.5%, whereas it also produced as large an amount of coke as that from HDA without the catalyst (26.9 and 28.5%, respectively).
The Py-GC analysis revealed that 56.9wt% of HI-BS was devolatilized by pyrolysis and the resulting volatile materials had structures similar to those from HS.
However, a larger amount of pyrolysis residue (43wt% from HI-BS and 12wt% from HS), a wider range of distribution of molecular weight (up to 1,000 in HI-BS and 500 in HS by FD-MS analyses)16), and higher contents of heteroatoms (Table 1) suggest that more complicated structures and many types of bonding are likely to exist in HI-BS than in HS. Proton NMR spectra of HS fraction (Fig. 6a) and HI-BS fraction (Fig. 6b ) also support such differences in chemical structure between the two fractions, i.e., the peaks in the region of aliphatic protons (chemical shift of about 0.25.0ppm) are broader in the spectrum of HI-BS and the degree of method17), is higher for HI-BS (0.44) than for HS (0.29). Therefore, it is likely to assume that the cleavages of aryl-alkyl or aryl-ether bonds would proceed at lower temperatures than those of HS. Unless such radicals could be stabilized by hydrogenation at low temperatures, they would be stabilized by recombination leading to coke formation ( Table 3 ). The HDA of such a heavy fraction as BS of SRC needs further optimization of reaction conditions, for example, application of higher H2 pressures or use of solvent to utilize more hydrogen or to facilitate dispersion of the catalyst into the SRC/solvent mixture.
